The ablation properties and morphologies of two kinds of fine Fine-woven pierced composites materials, carbon/carbon (C/C) and hybrid C/C with tungsten (W) filaments in z directional carbon fibre bundles, were investigated. A plasma torch was used to explore the ablative characteristics in terms of linear/bulk ablation rate and microscopic pattern of ablation. Surface and in-depth temperatures during ablation were measured by using optical pyrometers and thermocouples. The experimental results showed that the C/C composite presented the best ablation resistance performance, followed by the hybrid C/C composite, while that of graphite was the worst. It was found that the thermo-mechanical ablation resistance of carbon matrix is equal to that of carbon fibres. The existence of WC not only had a faster intrinsic ablation velocity, but also accelerated the ablation velocity of the carbon fibres and carbon matrix, and significantly improved the ablation velocity of the carbon fibres.
INTRODUCTION
Thermal protective system (TPS) material used under re-entry conditions require the candidate can endure super high temperature over 2000K and high thermal gradient, along with shockwave and mechanical loads [1] . Carbon fibre reinforced carbon composites are considered as one of the best choice to meet these requirements due to their low density, low coefficient of thermal expansion, good thermomechanical properties, and ablation resistance [2] [3] . With different re-entry missions, working temperature and pressure can be as high as 5000K and 100 bars respectively, accompany with correspond heat flux ranging from 0.1 to 500MW/m 2 received by the TPS materials [4] . In this service environment, two mass transfer forms namely sublimation and oxidation trouped under ablation are the main consumption ways [5] .
As an erosive phenomenon, ablation is a process of materials being removed accompanied with a serial of physically and chemically complicated reactions such as phase changes, convection, radiation, diffusion and so on [6] [7] . Recently, more researches on ablation resistance have been focus on ceramic like ZrB 2 [8] , ZrO 2 [9] , SiC [10] etc. due to their high melting points. However, relatively immature manufacturing technique is the main obstacle for application of these materials [11] . In contrast, there are few published documents about abolition behaviour for C/C composite due to the confidentiality for defense technology. Service conditions (such as temperature, pressure and flame velocity, etc.) and material structures (bulk density, carbon fibre performance, etc.) all have a great influence on the ablation process of C/C composites [12] [13] . Additional, in order to ensure the service temperature exceed 3700K, a certain quantity of refractory metal carbide as hafnium carbide, zirconium carbide and tantalum carbide are usually added into C/C composites [14] [15] [16] . Therefore, there are a lot of works to be done for a deep understanding for this field.
In this study, two kinds of fine-woven pierced carbon fabric composite include (PICA) are used, one is C/C composite, the other is hybrid C/C composite in which carbon fibre performs with tungsten (W) filaments in z orientation carbon fibre bundles. There
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are two aims by this paper: (i) to characterize the ablation resistance properties of the PICA samples;
(ii) to study the microstructure of the ablated PICA specimens so as to obtain the mechanisms operating during the ablation process.
2.EXPERIMENTAL PROCEDURE 2.1 Raw materials
In this study, two kinds of fine-woven pierced carbon fabric composite materials, C/C and hybrid C/C, were investigated. The XY-direction of the preform was cascade eight-stripe satin, which contained woven carbon bundles. The Z-orientation of the C/C composite specimen was carbon fibre bundles. The Z-orientation of the hybrid C/C composite specimen was mixed with carbon fibre bundles and highmelting metallic tungsten wires with single fibres in two orientations that were PAN-based carbon fibres. After impregnation, solidification, carbonization, and graphitization, metallic tungsten wires in the composite preforms were transformed into metallic tungsten carbides. The density of the C/C composite specimen used in this work was approximately 1.91 g/cm 3 , while that of the hybrid C/C composite specimen was 2.70 g/cm 3 . A graphite material of G43 grade and 1.80 g/cm 3 density was selected for comparison to study the ablative performance of the carbon-based composites.
Experimental parameters and characterization methods
A serial of ablation experiments based on plasma torch were carried out with plate-shaped specimen (40 mm×40 mm×20mm). The parameters of the plasma torch were as follow: the working gas was nitrogen, gas input pressure was 0.3 MPa, working current was 120 A, voltage was 380 V, and ablation duration was 25 s. Prepared specimens were placed 20 mm from the plasma torch nozzle. To adjust the distance between the flame and specimen, the torch was placed on a sliding block, which moved up and down along guide rails. The specimen fixture was made of high-strength graphite and fixed on the working platform, as displayed in Fig. 1 .
The axial density distributions of the test materials subjected to plasma torch ablation were measured (as shown in Fig.2 ) by their calculated relative porosity. Microstructures of the composite specimens were examined by scanning electron microscopy (SEM, JSM6460) combined with an energy dispersive spectroscopy (EDS). Table 1 lists the ablation rate evolution of the test materials. It is found that the ablation resistance of the C/C composite performed best, followed by the hybrid C/C composite, while that of graphite was the worst. 
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The results of axial density distribution and relative porosity of three materials are showed in table 2 in which ρ is the density with unit of g/cm 3 and γ is the relative porosity.
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According to the calculation results, all three materials experienced bulk ablation with different degrees. The volumetric ablation of composites materials at different temperatures is a pyrolytic reaction for organic composites such as carbon/phenolic and glass fibre/epoxy, while a thermal oxidation reaction for carbon-based composites [17] . Besides, even C/C composites experience repetitive pressured impregnation, carbonization and graphitization; some organic matters unavoidably remain in the matrix. These matters experience pyrolytic reactions at high temperatures. All these processes accelerate the volumetric ablation of carbon-based composites. temperatures. All these processes accelerate the volumetric ablation of carbon-based composites. Fig. 3 displays the temperature-rise process of ablated specimen end-faces collected by pyrometers. It is indicated that the temperature process of graphite is similar to that of C/C composite, while that of hybrid C/C composite is obviously different due to relatively high surface temperature. Fig. 4 shows the over-time evolution process of specimen axial temperature during C/C composite ablation. The temperature at Point A is the readout of pyrometer while those of Points B and C are readouts of thermal couples. It is implied that, the axial temperature gradient gradually reduces and tends to be gentle, with the increase of ablation duration.
Transient ablation temperature field
By taking advantages of the designed ablation process image collecting system, the ablation processes of carbon-based composites were observed, as shown in Fig. 5 . It is demonstrated that the jet is almost completely shielded by the optical filter, while the surface ablation morphology can be seen. As for the hybrid C/C composite, metal droplets occur during ablation. After the droplet dimension exceeds a certain value, the droplets are blown away by the jet and the droplet loss process is continuous.
Microstructures after plasma torch ablation 3.4.1 Microscopic ablation morphology of C/C composite
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By taking advantages of the designed ablation process image collecting system, the ablation processes of carbon-based composites were observed, as shown in Fig. 5 . It is demonstrated that the jet is almost completely shielded by the optical filter, while the surface ablation morphology can be seen. As for the hybrid C/C composite, metal droplets occur during ablation. After the droplet dimension exceeds a certain value, the droplets are blown away by the jet and the droplet loss process is continuous. Fig. 3 . Temperature variation process of ablation plane. Fig. 4 . Axial temperature distribution of specimen. 
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Advanced Composites Letters, Vol. 26, Iss. 4, 2017 fibres is uniform in the flame centre area. The fibre top is ablated into a conical shape with a slightly reduced diameter. The reduction of matrix is not obvious ( Fig. 6a ) and the fibre surface is smooth (Fig.  6b ). With the ablation area drifting away from the flame centre, the carbon matrix reduces significantly, the fibre top sharpens gradually (Fig. 7a ) and the fibre surface becomes rough (Fig. 7b ). In the flame edge area, the carbon matrix is fully ablated, with only needle-like carbon fibres remained (Fig. 8a) . At the same time, the fibre surface becomes very rough (Fig. 8b) . Meanwhile, in the heat-affected zone of the flame edge area, the material is nearly unaffected by the flame. The carbon fibre top doesn't get sharpen, while there are very limited oxidation traces in the matrix and carbon fibres (Fig. 9a) . The carbon fibres also remain smooth surface (Fig. 9b ).
As displayed in Figs. 6-8 , the ablation of carbon fibres significantly reduces along the diameter direction (from 6 μm to 2~3 μm), and finally results in needle-like or icicle-like shapes. Based on the microstructure analysis of a single carbon fibre, this kind of ablation morphology can be attributed to following causes. First, there are some micro defects, such as micro pores and cracks, on the fibre surface. Under the influence of plasma flame, thermodynamics and thermo chemical ablation takes place preferentially at this defect. With the prolonging of ablation time, this type of ablation becomes more and more serious. In the end, the cross-section of carbon fibre forms more and more fine needlelike shapes around these widening defects. Previous studies have revealed that under very odious thermodynamics and thermo chemical ablation conditions, carbon fibres with lamellar crystal structures ablate in the way of surface delamination, which is different from conventional inorganic fibres such as glass or quartz fibres [18] . Figs 10-18 show the morphology of hybrid C/C composite after ablation, which can be divided into the flame centre area and the surrounding heat-affected zone. The heat affected zone can be further divided into three regions (A, B, and C) from the flame centre to its edge (Fig.10 ). In the flame cen- Figs 10-18 show the morphology of hybrid C/C composite after ablation, which can be divided into the flame centre area and the surrounding heat-affected zone. The heat affected zone can be further divided into three regions (A, B, and C) from the flame centre to its edge (Fig.10 ). In the flame centre region, since the flame temperature exceeds the melting point of tungsten carbide, the tungsten carbide fibres melt ( Fig. 11 ) and blown away by gas. Thus, pores are formed at the original locations of tungsten carbide. Small droplets form dispersive tungsten carbide particles (Fig. 12a ), while large droplets present morphologies like sunflower (Fig. 12b ). The morphology of heat-affected zone around the flame is greatly different from that in the flame centre region. In Region A, the area, which ought to be white tungsten carbide, has a colour similar to that of surrounding carbon matrix (Fig. 10) .
Microscopic ablation morphology of hybrid C/C composite
As displayed in the high-magnification image shown in Fig. 13a , this area is formed by a thin layer of tungsten carbide covering the C/C surface. In Region B, since the temperature is obviously lower than the flame centre region and the pressure also reduces, tungsten carbide cannot melt completely and the viscosity of melted droplets increases obviously. Hence, tungsten carbides only distribute around piercing fibre bundles (Fig.13b) . In region C, due to the further reduction of temperature and pressure, the influence of flame on tungsten carbide becomes weaker. Figs 10-18 show the morphology of hybrid C/C composite after ablation, which can be divided into the flame centre area and the surrounding heat-affected zone. The heat affected zone can be further divided into three regions (A, B, and C) from the flame centre to its edge (Fig.10 ). In the flame centre region, since the flame temperature exceeds the melting point of tungsten carbide, the tungsten carbide fibres melt ( Fig. 11 ) and blown away by gas. Thus, pores are formed at the original locations of tungsten carbide. Small droplets form dispersive tungsten carbide particles (Fig. 12a) , while large droplets present morphologies like sunflower (Fig. 12b) . The morphology of heat-affected zone around the flame is greatly different from that in the flame centre region. In Region A, the area, which ought to be white tungsten carbide, has a colour similar to that of surrounding carbon matrix (Fig. 10 ). As displayed in the high-magnification image shown in Fig. 13a , this area is formed by a thin layer of tungsten carbide covering the C/C surface. In Region B, since the temperature is obviously lower than the flame centre region and the pressure also reduces, tungsten carbide cannot melt completely and the viscosity of melted droplets increases obviously. Hence, tungsten carbides only distribute around piercing fibre bundles (Fig.13b) . In region C, due to the further reduction of temperature and pressure, the influence of flame on tungsten carbide becomes weaker. (b) (a) Fig. 10 . SEM of ablated hybrid C/C. Fig. 11 . SEM of hybrid C/C sample in centre plasma flame. 3.4.2 Microscopic ablation morphology of hybrid C/C composite Figs 10-18 show the morphology of hybrid C/C composite after ablation, which can be divided into the flame centre area and the surrounding heat-affected zone. The heat affected zone can be further divided into three regions (A, B, and C) from the flame centre to its edge (Fig.10 ). In the flame centre region, since the flame temperature exceeds the melting point of tungsten carbide, the tungsten carbide fibres melt ( Fig. 11 ) and blown away by gas. Thus, pores are formed at the original locations of tungsten carbide. Small droplets form dispersive tungsten carbide particles (Fig. 12a) , while large droplets present morphologies like sunflower (Fig. 12b ). The morphology of heat-affected zone around the flame is greatly different from that in the flame centre region. In Region A, the area, which ought to be white tungsten carbide, has a colour similar to that of surrounding carbon matrix ( Fig. 10 ).
As displayed in the high-magnification image shown in Fig. 13a , this area is formed by a thin layer of tungsten carbide covering the C/C surface. In Region B, since the temperature is obviously lower than the flame centre region and the pressure also reduces, tungsten carbide cannot melt completely and the viscosity of melted droplets increases obviously. Hence, tungsten carbides only distribute around piercing fibre bundles (Fig.13b) . In region C, due to the further reduction of temperature and pressure, the influence of flame on tungsten carbide becomes weaker. tre region, since the flame temperature exceeds the melting point of tungsten carbide, the tungsten carbide fibres melt ( Fig. 11 ) and blown away by gas. Thus, pores are formed at the original locations of tungsten carbide. Small droplets form dispersive tungsten carbide particles (Fig. 12a ), while large droplets present morphologies like sunflower (Fig.  12b) . The morphology of heat-affected zone around the flame is greatly different from that in the flame centre region. In Region A, the area, which ought to be white tungsten carbide, has a colour similar to that of surrounding carbon matrix (Fig. 10 ). As displayed in the high-magnification image shown in Fig. 13a , this area is formed by a thin layer of tungsten carbide covering the C/C surface. In Region B, since the temperature is obviously lower than the flame centre region and the pressure also reduces, tungsten carbide cannot melt completely and the viscosity of melted droplets increases obviously. Hence, tungsten carbides only distribute around piercing fibre bundles (Fig.13b) . In region C, due to the further reduction of temperature and pressure, the influence of flame on tungsten carbide becomes weaker.
Besides, the microscopic morphology features of tungsten carbide also change with the flame location. In the flame centre area, tungsten carbide forms uniform small particles which distribute loosely (Fig. 14a ). In Region B of the heat-affected zone, tungsten particles become coarse (Fig. 14b ), while in Region C near the flame edge, tungsten carbide distributes densely (Fig. 14c ).
The ablation of fibre bundles is related to the flame location. Carbon fibres and matrix in the flame centre ablate uniformly. The matrix reduces little and the fibre surface is smooth ( Fig. 15 ). However, in the heat-affected zone, ablation mainly takes place in the carbon matrix as well as the fibre/matrix interface. The carbon matrix ablates almost completely and the carbon fibre diameter reduces significantly, with very rough surface. Obvious oxidation traces exist, as shown in Fig. 16 . Figs. 5, 7, 15and 16 , it can be found that the ablation of carbon matrix and fibre is all uniform in Figs. 5 and 15 , while the matrix reduces little. In Figs. 7 and 16 , the carbon matrix ablates almost completely, with only carbon fibres remaining. Factors affecting the ablation performance of carbon-based composites are related to not only the composition materials, such as the performances of carbon fibre and matrix, but also the surrounding environment, like the gas composition, temperature, pressure and velocity of flame. Since the working medium of plasma torch is nitrogen and it is difficult for the oxygen in the atmosphere to diffuse into the centre area of plasma flame with high-velocity and high-pressure, the ablation in this area is mainly the thermodynamic ablation caused by flame with hightemperature, high-pressure and high-velocity, and results in morphologies displayed in Figs. 5 and 15.
By comparing
With the ablation area deviating from the flame centre, the pressure and velocity of frame reduces. Thus, oxygen in the atmosphere can partly diffuse into the flame and the oxygen concentration increases accordingly. At the same time, the flame temperature also reduces. Hence, the ablation characteristics transforms from thermodynamic ablation into thermo-chemical ablation, i.e., the high-temperature oxidation of carbon. Meanwhile, in the area near the flame edge, the pressure and velocity of flame decrease further while the oxygen concentration is very high. Hence, the influence of thermal oxidation gets stronger than the thermodynamic ablation, that is, thermo-chemical ablation is the dominant char- Besides, the microscopic morphology features of tungsten carbide also change with the flame location. In the flame centre area, tungsten carbide forms uniform small particles which distribute loosely (Fig. 14a) . In Region B of the heat-affected zone, tungsten particles become 
CONCLUSIONS
According to the ablation morphologies formed with the plasma torch jet, it was discovered that the carbon matrix and carbon fibre had similar resistance capacities to thermodynamic ablation.
The existence of WC not only had a faster intrinsic ablation velocity, but also accelerated the ablation velocity of the carbon fibre and carbon matrix, and significantly improved the ablation velocity of the carbon fibres. In addition, since the ablation resistance of the tungsten carbide at high temperatures was far lower than that of the C/C composite, the tungsten carbide in the Z-direction fibre bundles melted and was blown away during ablation. Thus, voids were formed, which resulted in the further increase of the local heat increment. At the same time, the Z-direction carbon fibres fractured more easily under the shearing effect of the high-speed gas flow and formed denudation. All these factors lead to the rise of ablation velocity of the hybrid C/C composite specimen and lowered its ablation acteristics, as displayed in Figs. 7 and 16 . In the end, when the ablation area locates in the heat-affected zone near the flame edge, although the oxygen concentration is high, the temperature and pressure of flame both reduce sharply, thus, the influences of thermodynamic ablation and thermo-chemical ablation on material are limited, as displayed in Fig. 8 .
According to above analysis, it is demonstrated that under the high-temperature, high-enthalpy and lowpressure environment simulated by plasma flame, carbon matrix has a resistance to thermodynamic ablation equal to that of carbon fibre, while the carbon fibre has a much better resistance to thermochemical ablation and oxidation, than that of carbon matrix. Besides, since the ablation resistance of C/C composite at high temperatures is far higher than that of tungsten carbide, tungsten carbides in the Zorientation fibre bundles melt and get blown away during ablation, resulting in voids which lead to the further increase of local heat increment and make Z-orientation carbon fibres get fractured under the shearing effect of high-speed gas flow and form erosion.
that of tungsten carbide, tungsten carbides in the Z-orientation fibre bundles melt and get blown away during ablation, resulting in voids which lead to the further increase of local heat increment and make Z-orientation carbon fibres get fractured under the shearing effect of high-speed gas flow and form erosion. 
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